Late embryogenesis abundant (LEA) proteins are members of a large group of hydrophilic, glycine-rich proteins found in plants, algae, fungi, and bacteria that are preferentially expressed in response to dehydration or hyperosmotic stress. 1) Group-2 LEA proteins or dehydrins (DHN) or responsive to abscisic acid (RAB) proteins are believed to play fundamental roles in plant drought stress tolerance. This group of proteins can be found in seeds at the later maturation stage and/or in the desiccated seed. They are in addition induced in vegetative tissues by salt, drought, and low temperature stresses. Dehydrins share no sequence homology with any known protein or enzyme, and have so far been found only in photosynthesizing organisms. They have been divided into five subclasses based on their conserved amino acid sequences: the Y-, S-, and K-segments including YnSK 2 , Kn, SKn, KnS, and Y 2 Kn. 2, 3) In the most N-terminal part, the Y-segment (V/TDEYGNP, sometimes referred to as DEYGNP), can be found in one to three copies. Downstream of the Y-repeat, five to seven serine residues followed by three acidic amino acids form the S-segment. The K-segment (EKKGIMDKIKEKLPG) is the only segment present in all dehydrins. It has been proposed to form an amphiphatic -helix on the basis of helical wheel analysis. 4) The amino acids separating the conserved segments are termed '-segments. They show considerable variability within different DHNs. Some other relevant characteristics of DHNs are a lack of the amino acids cysteine and tryptophan, a high percentage of charged and polar amino acids (hydrophilic), and the ability to remain in solution after boiling. 2, 3, 5) In view of these features, several models have been put forth for dehydrin's poorly understood biological function. Based on the amino acid composition of the K-segment, it has been suggested that an amphiphatic -helix forms that can interact with membranes or proteins, modulating their phase properties and conformational transitions. 4, 6, 7) It has also been suggested that dehydrins act as chaperones, protein cryoprotectants, 8) or antifreeze proteins by preventing intracellular ice growth. 9) Others bind and store water to protect cells from complete dehydration, 2, 10) and in a few cases, they play roles in metal and calcium binding. 11, 12) Despite the many predicted roles of dehydrins, few in vitro functional assays have been developed. In cryo-protection assays, COR15am, the mature form of the cold-regulated dehydrin COR15a of Arabidopsis thaliana, 13) protects in vitro the freeze-labile enzyme L-lactate dehydrogenase (LDH). 14) Later, a number of studies indicated that other dehydrins also protect LDH. 8, 9, [15] [16] [17] [18] [19] Additionally, members of other LEA groups were also shown to protect LDH activity in vitro. 20, 21) The neamatode Aphelenchus avenae group 3 LEA protein (AavLEA1) was found to exert a protective role on LDH and citrate synthase by preventing their aggregation under water stress. Aav-LEA1 was recently reported to be able through its antiaggregant properties to abrogate dessication-induced aggregation of water soluble proteomes from nematodes and mammalian cells in vitro and in vivo. 22) In wheat (Triticum durum), a group 2 LEA protein called DHN-5 has been recently found to be involved in drought and salt-stress tolerance. 23, 24) In the current study, we investigated the capacity of a recombinant DHN-5 protein to protect in vitro enzyme activity and stability of -glucosidase (bglG) and Glucose oxidase (GOD) against heat stress. These enzymes were chosen for their potential use in bioFaiçal Brini and Walid Saibi contributed equally to this work.
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Abbreviations: bglG, -glucosidase; DHN, dehydrin; GOD/POD, glucose oxidase/peroxidase; GST, glutathione S-transferase; LEA, late embryogenesis abundant technological, industrial, and diagnostics applications. bglGs are involved, together with endoglucanases and exoglucanases, which initiate the depolymerisation process, in the hydrolysis of cellulose. 25, 26) bglGs play a crucial role in cellulolysis by cleaving exo-and endoglucanase inhibitors such as cellobiose and other small oligosaccharides. 27, 28) They act also to provide a glucose stream that can be converted to ethanol for medicinal, pharmaceutical, and industrial uses such as saccharification 29) and biohydrogen production from cellulose degradation. 30) However, large-scale exploitation of bglGs in biotechnological applications remains limited today because of their thermosensitivity. For example, conversion of some iso-flavanoids and plant metabolites (hydrolysis of oleuropein) require elevated temperatures. 31, 32) The commercial GOD/POD mix provides direct measurement of glucose in various biological samples (e.g., serum, plasma, body fluid, food, growth medium, beverages, and fermentation products). This enzyme mix specifically oxidizes glucose to generate a product that can be measured by colorimetric methods. Despite their potential importance in research, food industry, diagnostics, and drug discovery processes, the use of such enzymes is currently limited to a range of temperatures not exceeding 37 C. Therefore, exploitation of GOD as an immobilized enzyme-based glucose biosensor, especially in food and fermentation processes, waits today for enhanced thermal stability. 33, 34) In this context, we investigated here whether wheat dehydrin DHN-5 would improve the activity and/or thermostability of the fungal bglG and GOD/POD enzymes. Our data provide for the first time evidence that a plant dehydrin leads to enhanced stability of both enzymes at high temperatures.
Materials and Methods
Expression of wheat DHN-5 in E. coli and Purification. A wheat (Triticum durum) group-2 LEA protein, called DHN-5, has been chraracterized. 23, 24) The full-length DHN-5 open reading frame (ORF) was amplified with PfuTurbo DNA polymerase (Stratagene, La Jolla, CA) using primers corresponding to the 5 0 and 3 0 ends with EcoRI restriction sites added. These oligonucleotide primers were 5 0 -GAA-TTCATGGAGTTCCAAGGGCAG-3 0 and 5 0 -GAATTCTCAGTGCT-GGCCTGGG-3 0 . The DHN-5 ORF was cloned into the EcoRI site of E. coli expression vector pGEX-4T-1 resulting in fusion with GST, and was transformed into E. coli BL21. Cultures of E. coli cells carrying pGEX-4T-1::DHN-5 or vector control (pGEX-4T-1) were grown at 28 C in LB medium containing 100 mg/ml ampicillin to an A 600 ¼ 0:6{0:8, and induced with 1 mM IPTG for 6-8 h. The cells were pelleted and suspended in cold binding buffer (20 mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% NP40) in the presence of protease inhibitors. Samples were sonicated (3 cycles, output 1,500 psi, 3x 30s, LabSonics). The supernatant was separated by centrifugation and used for purification of DHN-5 under native conditions using a GlutathioneSepharose column (GE Healthcare). The column was washed with binding buffer containing 0.7 M NaCl, and DHN-5 step-eluted after digestion with thrombin overnight at 16 C.
Western blot analysis. The fusion GST::DHN-5, GST, and DHN-5 proteins were separated by one-dimensional SDS polyacrylamide gel (1D SDS-PAGE) and electroblotted onto a nitrocellulose membrane (Schleicher and Schuell) following the manufacturer's instructions (Bio-Rad, CA). A nitrocellulose filter was blocked with 0.5% Tween-20 and 10% milk powder in PBS. The blot was probed with wheat DHN-5 polyclonal antibody (1/3,000 dilution) raised against the whole protein and the anti-rabbit conjugate (1/15,000 dilution), and incubated overnight at 4 C. The blot was washed in 1X PBS buffer with 0.1% Tween-20 3 times and developed using the ECL plus Western blotting detection system (GE Healthcare).
bglG preparation. The extracellular proteins of Stachybotris microspora, growing on Mandels medium 35) supplemented with glucose at 1% as unique carbon source, were filtrated and centrifuged. The supernatant was concentrated and applied to an anionic exchange column equilibrated with buffer A (Tris-HCl 0.02 M, pH 8). The proteins were eluted out with a linear gradient of NaCl from 0 to 1 M in buffer A. The active fractions were pooled, concentrated, dialyzed against (Tris-HCl 0.02 M, pH 8), and finally injected into an S-200 gel filtration column. The elution was realized with 0.05 M sodium acetate buffer pH 5.6, giving rise to bglG purified to homogeneity.
Protein assay. The protein content of the samples was determined by Bradford assay. Bovine serum albumin was used as standard. 36) Purification and enzymatic assays of bglG. S. microspora was grown for 8 d in liquid Mandels medium with glucose 1% as sole carbon source. The medium was filtrated, centrifuged, and purified to electrophoretic homogeneity in 2 steps of purification (anionic exchange chromatography and S 200 gel filtration).
bglG activity, called here p-NPGase, was determined using 1 mM (in 0.1 M sodium acetate buffer pH 5) of p-NPG (para-nitrophenyl--Dglucopyranoside) as substrate. An aliquot of 0.2 ml of 1 mM p-NPG was incubated with an appropriate diluted enzyme at 50 C for 15 min. The reaction was stopped by adding 0.6 ml of Glycin-NaOH buffer 0.4 M pH 10.8, and the liberated p-nitrophenol was measured at 400 nm. The molecular extinction coefficient of p-nitrophenol is 18,000 M À1 cm À1 . One unit of enzymatic activity was defined as the amount of bglG required to release 1 mmol of p-nitrophenol per min under the assay conditions. Thermoactivity and thermostability measurements. The optimal temperature of bglG was determined by measuring the enzyme activity at various temperatures ranging from 0 to 70 C in 0.1 M sodium acetate buffer pH 5. Thermal stability was determined by incubating the purified enzyme for 30 min at the desired temperature, followed by measurement of the relative activity. 28) In order to test the effect of DHN-5 on the thermo activity of the bglG, GST-DHN-5, purified DHN-5, and GST were used as additives during bglG assay at two temperatures, 50 C (the optimal temperature) and 70 C (the temperature at which this bglG drastically loses catalytic efficiency). bglG thermostability was studied by incubating the purified enzyme with and without DHN-5 at 50 C. Samples were aliquoted at various time intervals, and enzymatic activity was determined following the activity assay as described in enzyme assay section above. GOD/POD thermo activity was assessed with a commercial kit (Biomaghreb, Tunisia). The GOD/POD kit is used to determine the amount of glucose in a sample. In using this commercial kit, glucose is oxidised to gluconic acid and hydrogen peroxide in the presence of GOD. Hydrogen peroxide further reacts with phenol and 4-aminoantipyrine by the catalytic action of POD to form a red-colored quinoneimine dye complex. The intensity of the color formed measured by a colorimetric method is directly proportional to the amount of glucose present in the sample. The reaction mixture (10 ml of glucose solution þ 1 ml of GOD/POD with and without DHN-5) was incubated for 10 min at temperatures ranging from 37 to 70 C, and then the optical density was measured at 505 nm against the glucose standard curve. The optical density was then adjusted against the absorbance of DHN-5 at these various experimental temperatures. Estimation of the amount of glucose at various temperatures is affected by the absorbance of DHN-5. For this reason, it is necessary to standardize this estimation by subtracting the absorbance of DHN-5 used alone from the optical densities of the glucose samples.
Results and Discussion
Production and purification of a recombinant wheat DHN-5 protein
The ORF of DHN-5 was cloned in-frame with the 3 0 end of the coding sequence of GST using pGEX-4T-1 expression vector. After IPTG induction, the resulting recombinant GST::DHN-5 protein accumulated to high amounts in the E. coli cells (Fig. 1A) . The theoretical molecular mass of GST::DHN-5 was estimated to be about 49 kDa, slightly lower than the one revealed by SDS-PAGE (about 52 kDa). After digestion with thrombin, the eluted DHN-5 protein also migrated to a somewhat higher position (26 kDa) in-stead of the calculated molecular mass (22.739 kDa). To confirm this finding, we performed Western blotting of the GST, GST::DHN-5, and DHN-5 proteins using a polyclonal antibody raised against plant dehydrins. As expected, the immunoblot revealed a band with the GST::DHN-5 fusion protein and the DHN-5 protein, but not with the GST protein alone (Fig. 1B) . The hybridization pattern with GST::DHN-5 showed that in addition to the expected band (as revealed by SDS-PAGE), several bands with lower molecular sizes are detected that might be synonyms of degradation products.
DHN-5 enhanced the thermostability and activity of bglG
The purified fungal bglG was previously found to have optimum activity at 50 C (Table 1 ) (Saibi et al., unpublished results). To address the question whether the wheat DHN-5 can have a stimulatory effect on the enzymatic activity of bglG, especially at high temperatures, recombinant DHN-5, GST::DHN-5, and GST proteins were produced, purified, and added to the reaction test performed for this enzyme. The bglG activity assay was performed at 50 C and at 70 C. As shown in Table 2 , bglG activity decreased at both temperatures in the presence of GST alone, whereas, when added to DHN-5, bglG activity increased substantially not only at 50 C (118%) but also at 70 C (218%). This activity was even higher at 70 C (more than a 2-fold increase). This finding strongly suggests that DHN-5 has a protective heat effect on bglG, leading to enhanced enzymatic activity even at high temperatures. Inversely, the addition of GST::DHN-5 resulted in enzymatic activities similar to those recorded with bglG alone (34%). This suggests that the GST to the Nterminal of DHN-5 imposes inhibitory conformational changes that decrease the protective effect of this protein on bglG.
In order to establish the most effective dose of DHN-5 to improve enzymatic activity of bglG, a final concentration range from 0 mg ml À1 to 0.7 mg ml À1 was added to the reaction medium. As Fig. 2 shows, the highest activity at 50 C was reached with DHN-5 amounts ranging from 0.42 mg ml À1 to 0.70 mg ml À1 . Hence, 0.42 mg ml À1 of DHN-5 was chosen to assess the thermo-protective role of DHN-5 on the enzyme activities (see Tables 2 and 3 and Fig. 3) . Indeed, this amount of DHN-5 significantly improved the thermostability of bglG and led to an increase in the half-life time at 70 C from 15 to 50 min (Fig. 3) . It is plausible then that DHN-5 contributes to preserving an appropriate conformation of the enzyme at 70 C. The finding that a dehydrin can improve protein stability in vitro at high temperatures (up to 70 C) was not reported previously. Although the protective effects on other proteins attributed to LEA proteins were mainly observed at low temperatures, 13, 14) COR15am was found to protect its substrate in vitro under heat stress, 37) but this protective activity assay under heat stress was limited to 43 C. The mechanisms of cryo/heat protection remain not well known. Arabidopsis COR15 was supposed to form a random coil in reaction mixtures on cryoprotection assay. 13) This means that the random coil may play important roles in the cryoprotection of enzymes. It has been suggested that the random coil structure has two characteristics: the formation of a layer cohesive to other structures and the property of binding to water. 38) To protect enzymes from inactivation, the former property appears more important. 38) Many freeze-sensitive enzymes, including catalase and LDH, are oligomeric enzymes that show maximum activities when the subunits are associated correctly. Low temperature Relative activity (%) was defined as bglG activity measured at a given temperature against absolute activity (100%) evaluated at 50 C. DHN-5 was added to the reaction in various amounts, from 0 mg ml À1 to 0.7 mg ml À1 . The released p-NP was determined and the relative activity is calculated according to the control tube (without DHN-5). A quantity of 0.42 mg ml À1 is considered effective to give rise to a thermoprotective effect on bglG activity measured at 50 C, as described in ''Materials and Methods.'' Three independent experiments were performed, and standard errors are included. decreased their activities irreversibly by denaturating the subunits and inhibiting their association. 39) Deletion of the amphipathic K-segments of Arabidopsis ERD10 and Rhododendron RcDhn5 caused a reduction in their cryoprotecting capabilities, suggesting the involvement of these segments in cryoprotection. Alternatively, since both heat and freezing conditions result in water stress, it has been found that some dehydrins act as antiaggregant agents towards LDH and other enzymes/ proteins. 21) However, the observed anti-aggregation is effective only in the presence of the so-called chemical chaperone, trehalose.
Biochemical properties bglG
21) The mechanism and the structural domains controlling this action also remain unknown.
Involvement of DHN-5 in the recovery of heatinactivated bglG
After determining its contribution to enhanced heat stability of bglG, we examined whether DHN-5 can also help in the refolding of this enzyme following heat stress. To this end, we set up an assay where bglG was first incubated alone at 70 C for increasing times (0, 10, 20, and 30 min) before a shift to 37 C for 15 min in the presence or the absence of DHN-5. The residual bglG activities were recorded using the assay described earlier. As shown in Fig. 4 , in the absence of DHN-5, bglG activity decreased dramatically at 70 C to lose up to 80% of its initial activity after 30 min. This indicates that during the recovery step (at 37 C), most of the heat denatured bglG is unable to refold properly, which results in a decrease in enzymatic activity. In the presence of DHN-5, a decrease in bglG activity was also observed, but at a lower rate. When supplied with DHN-5, the enzymatic activity of bglG remained 20% higher. In this case, the enhanced recovery of bglG following the heat stress might have been due simply to a higher proportion of properly refolded enzyme. This suggests that DHN-5 exhibits a chaperone-like effect on bglG, perhaps by helping in its proper refolding after the heat treatment.
Effects of temperature on the activity and the stability of GOD/POD
The heat-protective effect of DHN-5 was then investigated in two additional enzymes, GOD and POD, making up a commercial kit used for the quantification of glucose (see ''Materials and Methods''). As Table 3 shows, DHN-5 stabilized both enzymes and resulted in a better estimation of the glucose concentration by reducing the error raised at high temperatures. In the absence of DHN-5, the initial amount of glucose (10 mg) was not correctly estimated with the kit at temperatures above 37 C. In fact, there was an over-estimation between C and an under-estimation at 70 C, whereas, in the presence of DHN-5, the estimated amount of glucose was corrected to a value close to the initial one. For example, the amount of glucose determined at 50 C in presence of DHN-5 was 12.20 mg. When we subtracted the absorbance of DHN-5 (0.220, corresponding to 1.2 mg in the standard bglG was incubated without and with dehydrin at 70 C. Aliquots were taken at various times and the relative activity was determined. Three independent experiments were performed and standard errors are included. C. Relative activity was determined as described in ''Materials and Methods.'' Three independent experiments were performed and standard errors are shown. Table 2 . Effects of DHN5, GST-DHN5, and GST on bglG Activity at 50 and 70 C The activities of bglG alone were 0.28 U ml À1 (considered as 100% of bglG activity), and 0.1 U ml À1 (represents 35% of relative activity determined at 50 C) at 50 C and 70 C respectively. a, relative activities, versus 100% at 70 C.
Relative activity (%) curve), this estimation is corrected (11{1:2 ¼ 9:8 mg-10 mg). This better estimate can be relevant in using the GOD/POD kit as a glucose biosensor as required for various biotechnological processes occurring at high temperatures, such as those employed in the food industry. The observed improvement in the glucose estimation at high temperatures can be linked to better stabilization of GOD or POD or both enzymes present in the kit. Thermal stabilization of GOD activity has been reported in the presence of trehalose, one of the most widely known compatible solutes acting as a chemical chaperone. 40) Hence, we conclude that DHN-5 exhibits thermo-protective effects on both enzymes, allowing a correct estimation of the glucose concentration at high temperatures.
In conclusion, our results indicate for the first time a heat-protection effect of a dehydrin on distinct enzymatic activities in vitro. Such findings highlight dehydrins as a potentially important tool for engineering novel thermo-tolerant enzymes.
